Magnesium alloys are candidates to be used as biodegradable biomaterials for producing medical device. Their use is restricted due to the high degradation rate in physiological media. To contribute to solving this problem, a polydopamine (PDOPA) layer could be used to increase adhesion between the metallic substrate and external organic coating. In this paper, the corrosion behaviour of samples was investigated to determine their performance during the long-term exposure in simulated body fluid. Electrochemical methods including Open Circuit Potential (OCP) and Electrochemical Impedance Spectroscopy (EIS) were used to investigate the corrosion resistance of samples. The results demonstrated a decreasing of the substrate degradation rate when PDOPA was used as interlayer supposing a synergistic effect when it was used together with the organic coating.
Introduction
Magnesium and its alloys can be used as biodegradable biomaterials [1] [2] [3] to produce medical devices [4, 5] due to their biocompatibility. Conversely, the main limitations of the medical use of magnesium alloys are their high susceptibility to corrosion in physiological environments and the release of hydrogen gas during degradation. Nowadays, researches focused on improving the corrosion resistance of magnesium alloys have received increasing attention [6] [7] [8] .
As for other metals that are used to produce medical devices, i.e. titanium and its alloys [9] [10] [11] [12] , it is necessary to consider surface treatments to improve their corrosion resistance, antibacterial activity and cellular adhesion. A way to enhance devices surface properties is to use organic coatings. Several authors [13] [14] [15] [16] tested different biodegradable polymers, like polycaprolactone (PCL) and polylactic acid (PLA), to slow the degradation rate of the substrate, but it is well known that the Mg degradation rate accelerated when the pH increase as happening in the corrosion processes of Mg. In fact, Chen et al. [16] proved that the alkaline environment degraded the coating of PCL and PLA that covered the surface of high purity magnesium. A possible procedure to slow down the metal dissolution rate could be the usage of a biodegradable and biocompatible intermediate layer between the metal substrate and the external coating, in order to increase the bonding at the interface between them.
Particular curiosity was inspired by the adhesion mechanism used by mussels to bond to various surfaces, like natural inorganic and organic materials, synthetic materials, in wet and dry environments [17] [18] [19] . This feature is due to fibres containing polydopamine (PDOPA) that as well as promoting cell adhesion, is biocompatible and biodegradable [20, 21] . To the best of the author's knowledge, few papers [6, [22] [23] [24] [25] dealt with the use of PDOPA as an insulating layer to slow down the substrate degradation rate, therefore, it is necessary to acquire new knowledge on this field. The present work aims to study the corrosion behaviour of AZ31 magnesium alloy, when coated using a PDOPA intermediate layer between substrate metallic and external organic coating, during exposure to Hank's solution.
Materials and methods
AZ31 magnesium alloy plates with dimensions of 130 mm × 70 mm × 3 mm were used as the substrate, its composition is reported in Table 1 .
All the samples used in this work were ground using SiC papers ranging from 240 to 1200 grits using high purity ethanol to remove contamination layers and native oxide, as suggested by Geels [26] . After mechanical lapping process, a wet chemical etching was performed in 0.15 M hydrochloride acid (HCl) aqueous solution for 10 s and stirred at 300 rpm. Then, each sample was rinsed in the deionized water and dried in air.
Some samples were coated by using a water-based epoxy resin and cured at 150°C for 10 min. The choice of using an epoxy resin, instead of polymer coatings made of PLC or PLA, was due to that the epoxy resins are stable in a wide range of pH and degraded much slower than the biodegradable materials. In addition, the epoxy resin chosen did not contain anticorrosive pigments, but it contains 63% wt. of solid, mainly titanium oxide additionally barium sulphate and calcium carbonate so that its protective properties are scarce. More details were discussed in a previous paper and not reported herein for brevity [27] . The thickness measurement of the epoxy coating was evaluated and the value was of the 40 μm ± 2 μm. Other samples were coated using the PDOPA or the PDOPA and the epoxy coating. The polydopamine layer was obtained by immersion the samples in the aqueous solution containing 2 mg/ml of dopamine hydrochloride and 10 mM of Trizma-base, stirred at 500 rpm at pH of 8.5 for 24 h. At the end of the dipping, the samples were rinsed in deionized water and cured at 150°C for 10 min in the oven [28, 29] . The measurement of the thickness of PDOPA coating was also assessed and the value was of 4.5 μm ± 1 μm.
Moreover the coating/substrate adhesion was evaluated in the previous paper and we do not repeat the test here [27] .
The acronyms used in order to identify the samples are reported in Table 2 .
The corrosion behaviour of the various sample was investigated by Electrochemical Impedance Spectroscopy (EIS). The samples were soaked in Hank's solution for 0, 3, 7, 15 days at 37°C. A conventional three-electrode cell was used, with saturated calomel electrode (SCE) as the reference electrode, a platinum electrode as the counter electrode and the tested sample as the working electrode. The exposed samples area was 2.83 cm 2 . EIS measurements were carried out imposing a sinusoidal perturbation of 10 mV over the frequency range between 100 KHz and 2 mHz. Before the EIS analysis, the open circuit potential (OCP) was recorded for 90 min. For each electrochemical test, three measurements were carried out and good reproducibility was noted.
The surface morphologies and the chemical compositions of each tested sample were observed by Scanning Electron Microscope (SEM) equipped with the Energy Dispersive Spectroscopy (EDS) probe. The SEM micrographs and EDS analysis were performed before EIS measurements and after the immersion time.
Results and discussion
In Fig. 1 a direct comparison of the impedance modulus and phase angle of the tested samples at the beginning of the immersion in Hank's solution is presented.
The AZ and AZD samples showed the quite similar behaviour of both the impedance modulus and the phase angle, in fact, both displayed low values of impedance modulus, at low frequencies, of about 5 × 10 3 Ohm⋅cm 2 and the shape of curves was quite similar too, further, both spectra exhibited a single time constant. In addition, at the high-frequency range, the phase angles of AZ and AZD samples were close to 0°while the phase angles of AZE and AZDE, in the same frequency range, were −50°and −75°respectively. This evidence demonstrated that the PDOPA layer, coating the AZD sample, offered negligible protection against corrosion. At low-frequency range the AZE sample exhibited a very low total impedance modulus showing a poor corrosion resistance due to the absence of corrosion inhibitors and/or any kind of anticorrosive pigments inside the epoxy resin. The impedance modulus was about than 2 × 10 4 Ohm⋅cm 2 that could indicate the poor quality of the coating.
On the other hand, in previous papers [30, 31] , has been demonstrated that an organic layer, made of the same type of commercial product and retaining the same thickness, was fully saturated by the water in about 2.7 h. So that, the low values of the modulus of impedance can be explained by taking into account that the epoxy resin had absorbed about the 80% of the saturation amount of water, during the preparation and execution of the EIS test (taking in to account that the OCP monitoring was required before EIS measurement requiring about 90 min). The shape of curves reported in Fig. 1 , allowed stating that the sample exhibited a well-developed degradation process at interface showing twotime constants. The AZDE sample exhibited the highest impedance modulus value of 1.7 × 10 5 Ω cm 2 , so this highlighted the effect due to the use of the PDOPA in contributing to improving the system corrosion resistance. The spectra recorded examining AZDE sample showed one time constant demonstrating that electrolyte had saturated the coating but there was no corrosion at the metallic substrate/coating interface. The slight decay of modulus of impedance, registered at low frequencies, was explained taking into account that electrolytes still penetrate the coating during the test, decreasing the modulus of impedance value.
To sum up, the AZ and AZD specimens displayed a similar shape of impedance modulus and, considering the phase angles (Fig. 1b) , both exhibited one peak at the medium frequency region. In light of these observations, concluding that polydopamine had no protective effect. At the beginning of the immersion test, AZDE sample showed one time constant and presented the impedance modulus of one order of magnitude higher than that shown by the AZE sample. So in this condition, AZDE showed better protective behaviour than that displayed by AZE sample. The ameliorate protective properties of the AZDE sample compared to that of the AZE one has also been confirmed observing the phase angle values that are very sensitive indicators than the impedance modulus values, in fact, AZDE sample did not exhibit the second time constant which instead was present for the AZE specimen (Fig. 1b) .
EIS spectra reported in Fig. 2 represent the comparison of all samples analysed after 3 days of immersion in the test solution.
The AZ sample impedance modulus increased from 5.6 × 10 3 Ohm⋅cm 2 to 1.3 × 10 4 Ohm⋅cm 2 . This effect could be addressed to the precipitation of calcium phosphate crystals and the formation of corrosion products, at the interface, that protected the surface from further degradation. The AZD sample showed a lower impedance modulus if compared to the mechanically lapped substrate but the shape of the curve was similar than AZ sample. The AZE sample did not display variation in impedance modulus value if compared to the value recorded at t = 0. The AZDE sample showed lower impedance modulus value than to that registered at the beginning of immersion but it was, still, highest if compared to that of the other specimens, while, a second time constant seems to appear in the impedance modulus and in the phase angle plots, demonstrating the development of degradation activity of the interface. Therefore, after 3 days of immersion in Hank's solution, the AZDE sample began to display a second time constant, as evident by the phase angle plot. The total impedance modulus decreased over time, remaining of the order of 10 5 Ohm⋅cm 2 , which was still higher if compared to that of the other samples. In addition, the AZE sample revealed a low-frequency impedance modulus similar to that displayed by the bare sample, then the AZE sample showed corrosion below the organic resin.
In conclusion, the sample with the polydopamine intermediate layer between the substrate and the external epoxy coating exhibited better protective properties than those shown by the other samples. In Fig. 3 Bode plots recorded from the comparison of all samples tested in Hank's solution after 7 days of immersion is reported.
A completely new scenario can be observed at this time of samples immersion in the test solution. The corrosion triggered at the beginning of the test on the AZ sample proceeded as well as the precipitation/ dissolution phenomena of the salts on the surface. Even if, the formed layer was considered as a passivating film, it was porous allowing the direct contact between the metal substrate and the solution. The instability of the formed layer was highlighted by the noisy signal recorded at low frequencies in the Bode modulus and phase diagrams. At this stage, the modulus impedance values of AZD, AZE and AZDE samples at low frequencies were comparable among them. In particular, AZDE sample had undergone a greater decrease of the impedance modulus than that suffered by other analysed specimens, in fact, the value was reduced by an order of magnitude, starting from the value of 1.7 × 10 5 Ω cm 2 and reaching the value of 1.1 × 10 4 Ω cm 2 . This behaviour was observed in the phase angle shape too. In fact, at the medium frequencies, AZ and AZD showed a single peak while AZE and AZDE displayed more time constant.
In Fig. 4 the EIS spectra of all samples analysed after 15 days of immersion in the test solution are reported.
The impedance modulus of AZ sample increased if compared to the value recorded after 7 days of immersion. This fluctuation was due to the continuous formation and dissolution of the oxide layer on the surface that protected the surface against of the corrosion, as said before.
The shape of impedance modulus curve of AZD sample was similar to that of AZ sample even if the variation of the impedance modulus value was occurred in a restricted range of values, highlighting the stability due to the polydopamine coating on the surface.
The impedance modulus value of AZE sample was similar to that exhibited by AZD sample. As mentioned before, the resin used in this work did not contain the anticorrosion pigments. This absence determined the rapid penetration of the electrolyte toward the coating, as noted at the beginning of the test (Fig. 1) , so the corrosion phenomena started in the early hours of immersion, and the penetration remained uniform in the whole organic coating, as corroborated from the shape of the impedance modulus that remained unaltered during the test.
The impedance modulus of AZDE sample was highest if compared to that the other samples. This behaviour highlighted that the combination of PDOPA and epoxy resin provided a good corrosion resistance in comparison to the all tested samples.
Although the impedance modulus values of all samples were the same, the shapes curves at high frequencies were different. In addition, the phase angles of AZ and AZD samples exhibited one high peak at medium frequencies that were not present for AZE and AZDE samples. 
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Bioactive Materials 4 (2019) [71] [72] [73] [74] [75] [76] [77] [78] Hence, while the impedance modulus at low frequencies assumed about the same value for all tested samples, the degradation processes should be quite different. In other terms, the coatings covering AZE and AZDE samples are highly porous so that the resistive effect exhibited by the layer prevailed over its capacitive behaviour since the pores are saturated with the electrolytes. Based on these considerations, we could assume that the entire coating (PDOPA and epoxy) possessed residual protective behaviour due to the strength of adhesion caused by the use of the PDOPA layer. In fact, as reported in the paper by Lee H et al. [25] , "the polydopamine coating was found to be an extremely versatile platform for secondary reactions" thanks the presence of catechols that allow the deposition of adherent and uniform metal and organic coatings.
In the light of the above, the values of the total impedance (at the frequency of 0.02 Hz) of the systems under study have been reported in Fig. 5 .
The AZ sample showed a certain instability of the impedance modulus values during the immersion time. This behaviour was due to the sample was uncoated and a continuous formation and dissolution of the oxide layer on the surface were displayed. The AZD sample also exhibited a certain instability of the impedance modulus values but visibly less than the bare sample, due to the effect of the porous layer.
The AZE sample displayed similar behaviour to that shown by the previous samples and a very low impedance modulus, due to the absence of any kind of inhibitors inside the epoxy resin. This manner highlighted that the sample exhibited a degradation process at the interface between the metal substrate and the external coating. The slight increase of the impedance modulus, after 3 days of immersion, could be addressed to the corrosion products that were nor dissolved in the electrolytic solution but remained under the coating.
Reminding that at the beginning of the test, the AZDE sample showed the impedance modulus value higher than one order of magnitude compared to other specimens and that the all samples will tend to the same value if the duration of the test is sufficiently long, considering the fast diffusion of water and electrolytes, one can affirm that the AZDE sample clearly showed better protective properties related to the other samples.
The Ecorr values measured before each EIS test are reported in Fig. 6 .
The AZ sample showed the lowest corrosion potential value than of all the tested samples. On the other hand, the measured value should be expected due to the fact that the AZ specimen was not coated [32] . Its increase over time was due to the precipitation of calcium phosphate crystals and the formation of corrosion products, that were deposited on the surface. The AZD sample differed from the bare sample at the beginning of the immersion in solution test. However, the polydopamine layer covering the sample, as corroborated by the EIS spectra, had not a protective effect over time, in fact, the behaviour and therefore the values of Ecorr of AZD sample were similar to those recorded for the AZ sample.
Higher corrosion potential was instead provided by the epoxy resin deposited on the sample if compared to the AZ sample. In fact, it was noted that the AZE specimen showed a value of corrosion potential, at the beginning of the immersion test, greater than 90 mV. After 3 days of immersion, the measured Ecorr values were similar to those recorded for the AZ sample, as confirmed by the degradation behaviour exhibited Bioactive Materials 4 (2019) [71] [72] [73] [74] [75] [76] [77] [78] by the EIS spectra. When both, the polydopamine and the epoxy resin, were applied to the magnesium substrate, the Ecorr values changes were substantial. In fact, the corrosion potential of AZDE sample, recorded at the beginning of the immersion in the test solution, assumed the highest value than all those registered for the other samples. Even if the difference of the Ecorr values of the different samples was reduced during the exposure time, the AZDE sample retained always the highest one. This indicated that there was an effect due to the use of the PDOPA layer. The substantial difference between the AZDE sample and the other tested specimens was its protective properties for 7 days. If it waits for a sufficiently long time, all samples (coated by different types of coating) must reach the same modulus impedance value.
SEM micrograph and EDS spectrum of AZ surface sample are present in Fig. 7 , in which the spot number, inside the SEM micrograph, indicated the position in which the spot of the EDS has been addressed to detect the surface chemical composition. As evidenced by the micrography of the specimen and its surface chemical composition, the sample was cleaned in an appropriate manner, in fact, the spectra recorded reflected the composition of the magnesium alloy used in this work. The little quantity of Fe was attributed to the presences of surface contaminations. More points of analysis were detected (herein were not reported for brevity) and the composition was not changed if other spots were considered. Fig. 8 showed the SEM surface micrograph and EDS chemical composition of AZ sample after 15 days of soaking in Hank's solution. Also, in this case, one sampling spot was reported and the EDS spectra highlighted the deposition of calcium phosphate on the surface that covered heterogeneously its surface. So the micrograph clearly showed that the surface changed significantly if compared to that of the sample before of soaking in the test solution.
SEM micrograph and the chemical composition of the AZD surface sample before immersion in Hank's solution are reported in Fig. 9 . The topography of the sample clearly highlighted the cracks presented in the coating. EDS was carried out in various loci (herein reported only one spot due to the fact that the chemical surface composition was homogeneous), the spectrum showed the presence of C, O and N typically of the PDOPA coating. Fig. 10 reported the surface micrograph and EDS spectrum analysis of AZD sample after 15 days of immersion in the test solution. The sample surface was covered by a layer more homogeneous if compared to the surface of AZ sample and the chemical species composing the salts precipitated from Hank's solution were similar to that detected on AZ sample surface. Fig. 11 discloses the SEM image and the elementary surface composition of AZE sample before immersion in the test solution. SEM micrograph showed a surface with the presence of pigments presented in the epoxy resin and this was corroborated to EDS spectra that detected the presence of Ti, Ba and Ca typical of the coating composition. Moreover, the surface did not change at the end of soaking (data not reported), demonstrating that the epoxy resin prevented the formation of calcium phosphate crystals.
SEM micrograph and EDS spectra of AZDE sample before immersion in Hank's solution are reported in Fig. 12 . The metal substrate was Bioactive Materials 4 (2019) [71] [72] [73] [74] [75] [76] [77] [78] coated with PDOPA and epoxy resin and the organic upper layer was visible from the presence of Ti, Ba and Ca, as seen in the EDS spectra of the AZE sample. Also for this sample, no deposit was found after the exposure in Hank's solution at the end of the test.
Conclusions
The corrosion behaviour of AZ31 magnesium alloy samples naked, coated with polydopamine or epoxy resin or polydopamine/epoxy multilayer, was tested when immersed in Hank's solution for 15 days.
Electrochemical measurements revealed that the PDOPA, when used as interlayer, deeply affected the degradation behaviour of the sample.
Experimental results, in fact, showed that the AZ and AZD samples displayed low corrosion resistance during the exposure time demonstrating that the PDOPA layer, by itself, did not offer any protection against corrosion. AZE sample exhibited a little bit improvement in the corrosion behaviour if compared to that shown by previous ones, even if it revealed the presence of corrosion products at the interface, since the begging of the immersion test. While AZDE sample showed the best Bioactive Materials 4 (2019) [71] [72] [73] [74] [75] [76] [77] [78] corrosion performance among the tested samples. SEM micrographs and EDS chemical compositions showed that AZ and AZD surface samples were covered with calcium phosphate at the end of the immersion test. On contrary, AZE and AZDE samples did not show the deposition of calcium phosphates, demonstrating that the organic coating prevented the formation of precipitated salts.
